Graham MJ, Ahima RS. Effects of perilipin 2 antisense oligonucleotide treatment on hepatic lipid metabolism and gene expression. Physiol Genomics 44: 1125-1131 , 2012 . First published September 25, 2012 doi:10.1152/physiolgenomics.00045.2012.-Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease worldwide. We previously showed that Perilipin 2 (Plin2), a member of lipid droplet protein family, is markedly increased in fatty liver, and its reduction in the liver of diet-induced obese mice by antisense oligonucleotide (ASO) decreased steatosis and enhanced insulin sensitivity. Plin2-ASO treatment markedly suppressed lipogenic gene expression. To gain a better understanding of the biological role of Plin2 in liver, we performed microarray analysis to determine genes differentially regulated by Plin2-ASO compared with a control (scrambled) oligonucleotide (Cont). Male C57BL/6J mice on a high-fat diet were treated with Plin2-or Cont-ASO for 4 wk. Plin2-ASO decreased hepatic triglycerides, and this was associated with changes in expression of 1,363 genes. We analyzed the data for functional clustering and validated the expression of representative genes using real-time PCR. On the high-fat diet, Plin2-ASO decreased the expression of enzymes involved in fatty acid metabolism (acsl1, lipe) and steroid metabolism (hmgcr, hsd3b5, hsd17b2), suggesting that Plin2 affects hepatic lipid metabolism at the transcriptional level. Plin2-ASO also increased the expression of genes involved in regulation of hepatocyte proliferation (afp, H19), mitosis (ccna2, incenp, sgol1), and extracellular matrix (col1a1, col3a1, mmp8). Plin2-ASO had similar effects on gene expression in chow-fed mice. Together, these results indicate that Plin2 has diverse metabolic and structural roles in the liver, and its downregulation promotes hepatic fibrosis and proliferation.
NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) is characterized by excessive accumulation of triglycerides and other lipids in the liver in the absence of alcohol consumption (8, 33) . The incidence of NAFLD is closely associated with metabolic syndrome, insulin resistance, and Type 2 diabetes (18, 34) and has emerged as a major risk factor for end-stage liver disease and hepatocellular carcinoma (28, 30) . Currently, there is no effective treatment to reverse hepatic steatosis or prevent its progression to nonalcoholic steatohepatitis. A better understanding of the pathogenesis of fatty liver may lead to the identification of therapeutic targets (2, 9, 21) .
Hepatic triglycerides (TG) are stored within intracellular lipid droplets surrounded by a phospholipid monolayer (8) . Structurally related perilipin proteins are found on the surface of lipid droplets and regulate the formation of lipid droplets and lipid metabolism in a wide range of cells (4, 12, 17, 27) . Perilipin 2 (Plin2, ADFP) coats lipid droplets in hepatocytes, and its expression is increased with fatty liver in humans and rodents (6, 15, 23) . Several lines of evidence indicate that Plin2 plays an active role in the development of fatty liver. Magnusson et al. (20) showed that a reduction in Plin2 decreased TG in hepatocytes, while induction of Plin2 increased TG in hepatocytes. Ablation of the plin2 gene or reduction of Plin2 in vivo by antisense oligonucleotide (ASO) treatment decreased fatty liver in diet-induced obese (DIO) and Lep ob mice (6, 7, 15, 37) . Plin2-ASO treatment also decreased hepatic VLDL secretion and improved insulin sensitivity (37) . Thus, pathways regulated by Plin2 could potentially be targeted to prevent NAFLD and associated metabolic abnormalities.
Here, we performed an unbiased screening of genes whose expression is altered by Plin2-ASO treatment in C57BL/6J mice on a high-fat diet (HF). In agreement with our previous studies, Plin2-ASO treatment decreased hepatic and serum TG (37) . Plin2-ASO differentially regulated genes involved in the regulation of fatty acids, TG, and steroid metabolism, as well as hepatocyte proliferation, mitosis, and extracellular matrix.
MATERIALS AND METHODS
Animal studies. Experiments were performed in accordance with the Institutional Animal Care and Use Committee guidelines and approvals at the University of Pennsylvania, and Eastern Virginia Medical School. Eight-week-old wild-type male C57BL/6J mice (Jackson Laboratories or Harlan Laboratories) were housed n ϭ 5/cage in 12 h light-dark cycle, at ambient temperature of 22°C, and allowed free access to water and an HF (45 kcal% fat; D124551, Research Diets). Another cohort of mice were fed regular rodent chow (5 kcal% fat). Mice were treated twice a week with intraperitoneal injection of Plin2-ASO or a control oligonucleotide (Cont), 25 mg/kg body wt, for 4 wk as described previously (n ϭ 5/diet/treatment) (15, 37) . We aimed to detect 45% difference between Plin2-ASO and Cont-ASO treatment. The power calculation predicted that five mice in each group were needed with alpha error of 0.05 and power of test of 0.8. A separate cohort of mice were fed regular rodent chow or HF ad libitum without ASO treatment (n ϭ 4 -5 per group). Body composition was measured with nuclear magnetic resonance spectroscopy (Echo Medical Systems, Houston, TX).
Tissue chemistry. Body weight and tail blood glucose were measured at the end of treatment, after which the mice were euthanized and blood was obtained via cardiac puncture. Liver was rapidly dissected, frozen in liquid nitrogen, and stored at Ϫ80°C until further analysis. Serum TG, nonesterified fatty acids (NEFAs), and cholesterol were measured using enzymatic colorimetric assays (5, 37) . Liver samples were processed for measurement of TG and cholesterol by enzymatic colorimetric assays as previously described (36) . Lipids were also extracted from liver samples using a mixture of chloroform and methanol (2:1), and separated via thin-layer chromatography (TLC) on Silica Gel 60A TLC plates (Whatman), with the solvent system hexane-ether-acetic acid (80:20:1.5). TLC plates were exposed to iodine vapor and then charred with 8% phosphoric acid/3% cupric sulphate solution. Lipid species were quantified with NIH Image J software (10) .
Hepatic RNA extraction and analysis of gene expression. RNA was extracted from liver using TRIzol reagent (Invitrogen), and cDNA was prepared using iSCRPT (Invitrogen). Gene expression was analyzed by qPCR using commercial primers (Applied Biosystems) as described before (37) . The level of mRNA expression was normalized to ␤-actin or GAPDH (37) .
Microarray analyses. Total RNA was extracted from livers, 50 ng of RNA was amplified with the Ovation aminoallyl RNA amplification and labeling system (NuGEN), and 2 g was applied to whole mouse genome oligo microarray G4122A (Agilent Technologies). Array data were analyzed using GenePix 5.0 software (Axon Instruments). Significance Analysis of Microarrays (Stanford University) was used to define differentially expressed genes with a fold change cut-off of Ն1.5 (up or down) and a false discovery rate of 1%. The probe lists thus obtained (1,407 probes representing 1,363 genes) were uploaded to DAVID (http://david.abcc.ncifcrf.gov), and functional annotation clustering and functional annotation chart were obtained. Microarray data were submitted to Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/projects/geo) under the accession number GSE37011.
Histology. Liver samples were fixed with 10% buffered formalin overnight and embedded in paraffin. Liver sections were stained with guinea pig anti-Plin2 antibody (Fitzgerald) as previously described (37) . Collagen was visualized with Sirius red staining (16) . Other liver sections were stained with hematoxylin and eosin and analyzed by an observer blinded to the experiment. The liver tissues were examined with a Nikon 80i microscope, and the number of nuclei was counted within four 160 m ϫ 160 m grids, at ϫ100 magnification. Photographs were captured with a DS-Qi1MC camera and image analysis system.
Statistics.
The data are presented as means Ϯ SE. Differences between two groups were assessed with unpaired Student's t-test. P Ͻ 0.05 is considered significant.
RESULTS

Effects of Plin2-ASO treatment on hepatic and serum lipids.
Plin2-ASO treatment of HF-fed mice reduced hepatic Plin2 expression and TG levels as previously reported (Fig. 1, A Fig. 1C ) of HF-fed mice. TLC analysis of liver samples for HF-fed mice also showed significant reductions of TG and monoglycerides, but not free cholesterol or cholesterol ester, in Plin2-ASO-treated mice (Fig. 1, D-G) .
Microarray analysis of hepatic gene expression in Plin2-ASO-treated HF mice. The microarray analysis compared gene expression profile between the liver from Plin2-ASO and Cont mice on HF diet and identified 1,363 genes represented by 1,407 probes that were differentially regulated by Plin2-ASO treatment, when a fold change Ͼ1.5 and false discovery rate Ͻ1% were used as cut-off values (Supplementary Table S1 ). 1 To elucidate the functional features of differentially regulated genes, the data were loaded on to DAVID Bioinformatics Resources (http://david.abcc.ncifcrf.gov). Functional annotation clustering revealed that cell cycle/mitosis related categories including SP_PIR_KEYWORDS cell cycle and GOTERM_BP_ FAT cell cycle were the most enriched group of genes, with enrichment score of 8.2. Kinetochore-related genes had an enrichment score of 4.5, microtubule/cytoskeleton-related 1 The online version of this article contains supplemental material. 
Plin2-ASO reduces expression of hepatic lipid metabolism genes in HF mice.
We previously reported that the reduction of hepatic TG by Plin2-ASO treatment of HF-fed mice was associated with decreased expression of genes related to TG synthesis, such as sterol regulatory element-binding protein 1 (SREBP1), fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and diacylglycerol acyltransferase-2 (DGAT2) (37) . Carnitine palmitoyltransferase 1A (CPT1a) was also reduced by Plin2-ASO treatment (37) . Our unbiased screening by microarray revealed that other genes in lipid metabolism were differentially regulated by Plin2-ASO treatment (Supplementary Table S1A ). We performed qPCR to validate representative genes in the cluster. The expression of stearoyl-coenzyme A desaturase 2 (Scd2) and acyl-CoA synthetase long-chain family member 4 (Acsl4) was significantly increased by Plin2-ASO treatment of HF-fed mice ( Fig. 2A) . In contrast, acyl-CoA synthetase long-chain family member 1 (Acsl1), an enzyme implicated in ␤-oxidation of fatty acids, and hormone-sensitive lipase (Lipe) were identified by microarray to be reduced after by Plin2-ASO treatment. qPCR confirmed significant reductions of Acsl1 ( Fig. 2A , P Ͻ 0.005) and Lipe ( Fig. 2A , P Ͻ 0.01) by Plin2-ASO.
The effect of Plin2-ASO on hepatic gene expression in DIO mice was not limited to TG metabolism but was also seen in cholesterol and steroid metabolism. As mentioned before, genes related to steroid metabolism (GOTERM_BP_FAT steroid metabolic process) formed a prominent group of genes reduced in the Plin2-ASO-treated liver (Supplementary Table  S1B ). qPCR confirmed that 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr) was reduced to 0.27 ( Fig. 2B , P Ͻ 0.005), and hydroxy-delta-5-steroid dehydrogenase 3 beta-hydroxydelta-5-steroid dehydrogenase and steroid delta-isomerase 5 (Hsd3b5), an enzyme highly expressed in the liver of adult males and associated with hepatosteatosis, was reduced to 0.17 ( Fig. 2B , P Ͻ 0.005; Refs. 1, 13). The expression of 17-beta hydroxysteroid dehydrogenase 2 (Hsd17b2), an enzyme involved in estrogen and testosterone metabolism, was also reduced to 0.17 in Plin2-ASO liver ( Fig. 2B , P Ͻ 0.005, Ref. 24) . Therefore, both microarray and qPCR analyses demonstrated global changes in expression of fatty acid metabolism genes in liver, in response to Plin2-ASO treatment.
Plin2-ASO increases expression of hepatic genes regulating cell division and extracellular matrix.
The microarray analysis showed that the majority of differentially regulated genes in the functional cluster of mitosis/kinetochore were upregulated by Plin2-ASO treatment of HF-fed mice (Supplementary Table  S1 , C and D). Moreover, genes associated with hepatocyte proliferation, such as ␣ fetoprotein (Afp) and H19 fetal liver mRNA (H19) were among the top genes that are increased in the microarray analysis of Plin2-ASO liver (Supplementary  Table S1E ; Refs. 22, 32) . Although the expression levels of Afp and H19 were low in Cont liver, reflecting a limited proliferation in adult liver, qPCR showed a 127-fold increase in Afp expression and 548-fold increase in H19 expression in the Plin2-ASO-treated liver (Fig. 2C , P Ͻ 0.001 for Afp and P Ͻ 0.01 for H19). qPCR also confirmed that three genes with functions in mitosis/kinetochore identified by microarray were increased in Plin2-ASO-treated liver (Supplementary Table S1 , C and D; Fig. 2D ). Plin2-ASO treatment increased cyclin A2 (Ccna2) 8.0-fold (P Ͻ 0.01), inner centromere protein antigens 135/155kDa (Incenp) 3.5-fold (P Ͻ 0.05), and shugoshin-like 1 (Sgol1) 3.4-fold (P Ͻ 0.01). However, we did not observe a significant change in the number of cells, determined by counting nuclei per area of paraffin-embedded liver sections (3,720 Ϯ 291 in Cont vs. 3,365 Ϯ 291 per 1 mm 2 in Plin2-ASO).
Since extracellular matrix-related genes formed another cluster of genes significantly enriched in the Plin2-ASO-treated liver from HF-fed mice in the microarray analysis (Supplementary Table S1F ), we validated their expression using qPCR. Type 1␣1 collagen (Col1a1) was increased 4.8-fold (P Ͻ 0.05), Type 3␣1 collagen (Col3a1) 4.0-fold (P Ͻ 0.05), and matrix metallopeptidase 8 (Mmp8) 4.8-fold (P Ͻ 0.05) by Plin2-ASO treatment (Fig. 2E) . Histological analysis of the liver supported our qPCR results. Plin2 immunostaining was reduced, and collagen staining was more prominent in the liver from Plin2-ASO-treated mice on HF compared with Cont mice (Fig. 2F) .
Effects of Plin2-ASO in regular chow-fed mice. Plin2-ASO treatment of HF-fed mice resulted in the differential regulation of genes involved in lipid metabolism, growth, and extracellular matrix. It is possible that these changes were secondary to improvement of steatosis or due to independent effects of Plin2-ASO. Therefore, we determined whether Plin2-ASO treatment had similar effects on hepatic gene expression in chow-fed mice. Plin2-ASO treatment did not change body weight or fat content compared with Cont (Table 1) . Serum TG levels were not altered by Plin2-ASO, but glucose was de- creased and cholesterol was increased (Table 1) . Plin2-ASO treatment decreased hepatic Plin2 expression to 27% of the level in Cont (Fig. 3A , P Ͻ 0.005). Although chow-fed mice do not develop steatosis, the liver TG content was reduced to 61% of Cont by Plin2-ASO (12.5 Ϯ 1.6 mg/g in Cont vs. 7.7 Ϯ 0.7 mg/g liver in Plin2-ASO, P Ͻ 0.01). rtPCR analyses showed that expression of a wide array of fatty acid and cholesterol metabolism genes including Acsl1, Lipe, Hmgcr, Hsd3b5, and Hsd17b2 were reduced by Plin2-ASO treatment of regular chow-fed mice (Fig. 3, A and B) . As in HF-fed liver, the expression of genes associated with hepatocyte proliferation and cell cycling were also increased in Plin2-ASO-treated mice on chow diet (Fig. 3, C and D) . Extracellular matrixrelated genes, another group of genes identified by microarray analysis of the liver from Plin2-ASO-treated HF-fed mice, were upregulated in the liver after Plin2-ASO treatment of chow-fed mice (Fig. 3E ). Overall these effects of Plin2-ASO on hepatic gene expression pattern were similar between HFand chow-fed mice, indicating that fatty liver is not a major determinant of the regulation of hepatic genes by Plin2-ASO. We further examined the effects of HF and chow diets on hepatic gene expression in the absence of Plin2-ASO treatment. A cohort of C57BL/6J mice was fed HF or normal chow diet (NC), without Plin2 or Cont-ASO treatment. The HF diet significantly increased body weight (47.2 Ϯ 0.6 g) compared with NC (34.3 Ϯ 1.6 g); n ϭ 5, P Ͻ 0.005. Liver TG was also increased by the HF diet (14.5 Ϯ 1.6 mg/g) compared with NC (10.2 Ϯ 1.05 mg/g); n ϭ 5, P Ͻ 0.05. As shown in Fig. 3F , the expression of Plin2 in the HF liver was increased by 1.35-fold, confirming our previous observation (37) . This was associated with a reduction in the expression of genes involved in cholesterol metabolism in HF liver, i.e., Hmgcr to 0.29 and Hsd3b5 to 0.31 compared with NC (Fig. 3F) . The expression of genes associated with hepatocyte proliferation and extracel- A: Plin2 and genes associated with fatty acid metabolism, i.e., SCD2, Acsl1, and Lipe. B: genes associated with cholesterol metabolism, i.e., Hmgcr, Hsd3b5, Hsd17b2. C: Afp and H19. D: genes associated with mitosis/kinetochore, i.e., Ccna2, Incenp, and Sgol1. E: genes associated with extracellular matrix, i.e., Col1a1, Col1a2, Col3a1, and Mmp8. F-H: hepatic gene expression in livers from regular chow (NC) and HF livers without Plin2-ASO treatment. F: genes associated with cholesterol metabolism, i.e., Hmgcr, Hsd3b5. G: Afp, H19, and Ccna2. H: ECM genes, i.e., Col1a1, Col1a2, and Col3a1. Data are means Ϯ SE, n ϭ 4 per group. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.005, ****P Ͻ 0.001, and n.s. (no significant difference) between the groups. lular matrix was increased in HF liver compared with NC, i.e., Afp by 1.8-fold, H19 by 5.7-fold, Ccna2 by 3.1-fold, Col1a2 by 2.4-fold, and Col3a1 by 2.6 (Fig. 3B ). Col1a1 expression also showed a trend of being increased in HF liver compared with NC liver (Fig. 3C) . Thus, some of the differences between HF and NC livers were opposite to HF-Plin2-ASO vs. HF-Cont liver. These results confirm that Plin2-ASO regulates hepatic gene expression independently of its effect on TG content.
DISCUSSION
In the present study, we confirmed that Plin2-ASO treatment decreases hepatic and serum triglycerides in mice fed a HF diet (37) . Plin2 (also known as adipose differentiation-related protein or adipophilin) is found on the surface of lipid droplets in most tissues. Plin2 expression is strongly induced by lipid loading in hepatocytes and fatty liver associated with obesity (15, 23, 31) . On the other hand, ablation of plin2 (adfp) gene reduces fatty liver and enhances insulin sensitivity in DIO and Lep ob mice (15, 37) . We previously showed that Plin2-ASO treatment decreased the expression of genes involved in TG synthesis, including ACC, FAS, and DGAT2, and fatty acid oxidation, i.e., CPT1 (37) . The current microarray analysis showed that genes involved in TG hydrolysis, i.e., lipe and ascl1 were also downregulated in Plin2-ASO-treated liver. Thus, the reduction in hepatic TG by Plin2-ASO treatment is associated with downregulation of genes involved in both TG synthesis and utilization. The reduction in the transcription factors involved in the regulation of lipid metabolism is one potential pathway by which Plin2-ASO affects a broad range of genes. Although not identified as differentially regulated according to the stringent criteria in our microarray analysis, we previously noted that Plin2-ASO treatment resulted in significant reduction in the expression of peroxisome proliferatoractivated receptor alpha (PPAR␣) and SREBP1 (37) . The reduction of TG content by Plin2-ASO may also affect PPAR␣ activity through a decrease in TG hydrolysis. Studies have suggested that lipid metabolites generated by TG hydrolysis regulate peroxisome PPAR␣ activity, thus altering the expression of oxidative genes such as CPT1 (14, 29) .
In addition to TG and fatty acid metabolism, the microarray analysis showed that Plin2-ASO treatment significantly decreased the expression of genes involved in cholesterol and steroid metabolism. Hmgcr expression in Plin2-ASO-treated HF liver was reduced to 0.27 of the level in Cont HF liver. However, the levels of free cholesterol and cholesterol ester in liver and serum cholesterol levels were not altered significantly by the partial reduction in Hmgcr expression by Plin2-ASO. This result is consistent with a report that Hmgcr heterozygous mice have no apparent defects of serum or liver chemistry (26) . We found that Hsd3b5 expression was decreased in Plin2-ASO HF liver, consistent with a report of a negative correlation of Hsd3b5 expression and steatosis in apo-E null mice (13) . Further studies are needed to delineate the specific roles of Plin2 in TG and steroid metabolism in liver.
Afp and H19, two genes closely associated with hepatocyte proliferation, were among the genes with the highest induction by Plin2-ASO in the microarray analysis of HF mouse liver and confirmed by qPCR. Moreover, Plin2-ASO increased the expression of large numbers of genes with roles in cell division and extracellular matrix. A possible mechanism is the induction of these genes in hepatic stellate cell (HSC) by Plin2-ASO. Quiescent HSC serves as the major storage of vitamin A and possesses lipid droplets filled with retinyl esters (11) . It has been known that lipid droplets in HSC are coated with Plin2 (35) . Upon activation, HSCs lose their lipid droplet content and develop myofibroblast-like features, including the production of collagen and ␣-smooth muscle actin (3). Furthermore, HSC activation increases the production of chemokines and cytokines that can drive hepatocyte proliferation (11) . Type I and type III collagens, whose expression were found to be increased in Plin2-ASO HF liver, are known to be the major collagens that are increased in fibrotic tissues and liver cirrhosis (25) . Lee et al. (19) reported in their ex vivo model that the downregulation of Plin2 induced features of HSC activation in immortalized human HSC, LX-2, suggesting that Plin2 plays a critical role in the maintenance of quiescent status of HSC. Our finding of an increase in fibrotic genes in Plin2-ASO-treated liver is consistent with the results of Lee et al. (19) . Since the liver contains hepatocytes, HSCs, and Kupffer cells, all of which express Plin2, cell type-specific ablation of plin2 gene is necessary to clarify the in vivo functions of Plin2 in lipid metabolism, inflammation, proliferation and fibrosis.
Plin2-ASO reverses several metabolic phenotypes of HF feeding in mice, including improvement in hepatic steatosis and insulin sensitivity. However, the changes in gene expression after Plin2-ASO treatment did not always parallel the differences in hepatic gene expression in HF vs. NC livers. Compared with HF Cont liver, Plin2-ASO treatment increased the expression of genes involved in steroid metabolism, hepatocyte proliferation, and extracellular matrix. In contrast, the expression of these genes was reduced in NC liver compared with HF liver. Moreover, Plin2-ASO treatment had similar effects on hepatic gene expression in both HF-and regular chow-fed mice, demonstrating that the changes in gene expression were not related to the ability of Plin2-ASO to reduce hepatic steatosis.
In conclusion, microarray analysis revealed differential effects of Plin2-ASO treatment on the expression of genes involved in regulation of hepatic lipid metabolism, growth, and extracellular matrix. Our microarray analysis results emphasize the power of unbiased screening, by showing Plin2-mediated changes in metabolic and structural pathways beyond our original observations of regulation hepatic TG content and insulin sensitivity (15, 37) . The gene expression results indicate that Plin2-ASO decreases steatosis, while promoting proliferation and fibrosis. The latter changes are well known factors for cirrhosis, liver failure, and hepatocellular carcinoma. Therefore, a better understanding of how Plin2 and other lipid droplet proteins specifically regulate lipid hepatic lipid metabolism, growth, and fibrosis will provide novel insights into the pathogenesis and treatment of NAFLD and other liver diseases.
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